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ABSTRACT
We present H i spectral line and radio–continuum VLA data of the galaxy NGC765,
complemented by optical and Chandra X-ray maps. NGC765 has the largest H i-to-
optical ratio known to date of any spiral galaxy and one of the largest known H i discs
in absolute size with a diameter of 240 kpc measured at a surface density of 2× 1019
atoms cm −2. We derive a total H i mass of MH I = 4.7×1010 M, a dynamical mass
of Mdyn ∼ 5.1 × 1011 M and an H i mass to luminosity ratio of MH I/LB = 1.6,
making it the nearest and largest ‘crouching giant’. Optical images reveal evidence of
a central bar with tightly wound low-surface brightness spiral arms extending from it.
Radio–continuum (L1.4GHz = 1.3 × 1021 W Hz−1) and X–ray (LX ≈ 1.7 × 1040 erg
s−1) emission is found to coincide with the optical core of the galaxy, compatible with
nuclear activity powered by a low-luminosity AGN. We may be dealing with a galaxy
that has retained in its current morphology traces of its formation history. In fact, it
may still be undergoing some accretion, as evidenced by the presence of H i clumps
the size < 10 kpc and mass (108–109 M) of small (dIrr) galaxies in the outskirts of
its H i disc and by the presence of two similarly sized companions.
Key words: galaxies: evolution – galaxies: individual (NGC765, UGC1453) – galax-
ies: interactions – galaxies: kinematics and dynamics – galaxies: structure
1 INTRODUCTION
The Universe is populated with galaxies spanning a range of
sizes and masses: on the one hand there are gas–rich systems,
ranging from small, amorphous dwarfs to grand–design spi-
rals. On the other, we find from gas–poor objects, from dwarf
spheroidals and ellipticals to massive cD galaxies. Their cur-
rent morphology and composition contains fossil evidence
regarding their formation and evolution (Freeman & Bland–
Hawthorn 2002). Accretion of small clumps of both baryonic
and dark matter, falling towards more massive dark mat-
ter haloes, is now a well accepted scenario for the assembly
of late–type galaxies (Navarro et al. 1995; Springel et al.
2005). Discs form by cooling and the dissipative collapse
of baryonic matter (e.g., Fall & Efstathiou 1980). During
this process, infalling gas should preserve a large fraction
of its angular momentum whilst settling into a disc. It has
lately become clear that a realistic description of star forma-
tion and feedback are indispensable ingredients in numerical
models if they are to match the observed properties of galax-
ies (Sommer-Larsen et al. 1999, 2003; Governato et al. 2004,
2007, 2010; Scannapieco et al. 2008).
The formation and evolution of well–ordered systems
∗ E-mail: A.M.P.Portas@herts.ac.uk
such as spiral galaxies remains an intriguing process, raising
many questions, one of them being the origin and evolution
of low surface brightness (LSB) galaxies. Although initially
this category was thought to consist predominantly of late–
type spirals and dwarf irregular (dIrr) galaxies, we now know
that they span the entire range of galaxy mass (Bothun et al.
1997). They are thought to evolve more slowly, as suggested
by their low surface brightness, low metallicities and low star
formation rates when compared with High Surface Bright-
ness (HSB) galaxies (see Impey & Bothun 1997; Mihos et al.
1999; Rahman et al. 2007, and references therein). This also
means that LSB discs have consumed less of their gas and
are therefore more gas–rich when compared to HSB discs
(McGaugh & de Blok 1997; O’Neil et al. 2004).
An extreme category of LSBs is collectively known as
that of ‘crouching giants’ (Disney & Phillipps 1987) or ‘Ma-
lin 1 cousins’ after the giant LSB galaxy Malin 1, discovered
serendipitously by Bothun et al. (1987). It has one of the
largest optical radial extents known for a spiral galaxy, out
to a radius of ∼ 100 kpc (Impey & Bothun 1989) with an
extrapolated disc central surface brightness of µ0(V) = 25.5
mag arcsec−2. It is one of the most gas–rich galaxies known
with an HI mass of ∼ 6.8× 1010M and the neutral gas ex-
tending out to ∼ 120 kpc radius (Pickering et al. 1997). The
discovery of Malin 1 prompted searches for more of these gi-
ant LSB system resulting in F568–6 or Malin 2 being found
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by Bothun et al. (1990), and 1226+0105 by Sprayberry et al.
(1993). All these ‘Malin 1 cousins’ were found to be gas rich
and have discs characterised by large scale–lengths and low
central surface brightnesses as reported by Sprayberry et al.
(1995), who increased the number of known LSB giant discs
by a further eight objects. More recently, using the fact that
giant LSB galaxies are rich in neutral gas, O’Neil et al.
(2004) produced a list of 38 additional giant LSB candidates,
raising to roughly 55 the number of LSB galaxies with H i
mass higher than 1010M. It should be noted, though, that
spatially resolved imaging, in H i as well as in the optical, is
needed to confirm which of these giant LSB candidates are
indeed Malin 1–type objects.
The formation and evolution of LSB giants remains puz-
zling and several explanations have been put forward. Hoff-
man et al. (1992) claim that rare 3σ density fluctuations
in a primordial Gaussian random field occurring in voids
can lead to objects with the characteristics of a Malin 1,
i.e. a rather normal bulge and a low surface brightness disc.
Dalcanton et al. (1997) postulate that the initial mass and
angular momentum of a protogalaxy determine the luminos-
ity and surface brightness of today’s systems, high angular
momentum protogalaxies leading naturally to giant LSBs.
Rather than their characteristics being due to their ini-
tial conditions, some authors like Noguchi (2001) suggest
that the formation and strength of a bar in the disc of an
HSB galaxy could result in the redistribution of matter, low-
ering the central brightness of the object and converting it
into a giant LSB galaxy. More recently, Mapelli et al. (2008)
propose that giant LSBs might be the late stage evolution
of a head–on collision, i.e. the late stage of a ring galaxy at
∼ 1.5 Gyr after impact.
In this paper we present NGC 765, a galaxy which re-
sembles the giant LSB Malin 1 but is closer by a factor of
4–5 and hence provides us with an opportunity to study
such an extraordinary system in more detail. We present
NRAO1 Very Large Array (VLA) D–array archival data of
this galaxy. Section 2 provides an overview of archival and
literature multiwavelength properties of NGC 765. In Sec-
tion 3 we briefly discuss the data reduction for the H i, radio
continuum, optical, and X-ray data. We present our results
in Section 4, where we focus on the morphology and kine-
matics of the gaseous disc and provide a brief discussion in
Section 5.
2 NGC 765 ARCHIVE PROPERTIES
NGC 765 (also known as UGC 1455) is classified as a late-
type SAB(rb)bc galaxy (de Vaucouleurs et al. 1991), and
presents the signature of a central bar. According to the
NASA/IPAC Extragalactic Database (NED) it has a helio-
centric recession velocity of 5118 km s−1. Throughout this
paper we assume a distance of 72 Mpc based on H0=72
km s−1Mpc−1, which makes 1′′ = 350 pc. The galaxy has
an extrapolated disc central surface brightness of µ(0) =
22.27 in the B–band (de Jong 1996), or only about 0.5 mag
fainter than the Freeman (1970) value and therefore brighter
1 The National Radio Astronomy Observatory is a facility of the
National Science Foundation, operated under cooperative agree-
ment by Associated Universities, Inc.
than the µ(0) > 23 limit usually adopted to define an LSB
(Impey & Bothun 1997). The galaxy was included in a sam-
ple of (LSB) galaxies by Schombert (1998). The detection
of nuclear emission of [N II], [S I] and [O I] lines suggests
the presence of a low-luminosity AGN (hereafter LLAGN),
which according to Schombert (1998) are more likely to be
found in H i–rich, large galaxies. This galaxy and its closest
companion, UGC 1453, are thought to be part of a group
of 14 galaxies [GH83]024 (Garcia 1993). In Table 1 we sum-
marise some basic information on NGC 765 and its compan-
ion galaxies, stating in advance that NGC 765a is an uncata-
logued companion discovered in this study. Both NGC 765a
and UGC 1453 are discussed in more depth in Section 4.
3 OBSERVATIONS AND DATA REDUCTION
3.1 H I data reduction
The VLA D–array observations of NGC 765 are in the public
domain under project ID AS0625. The galaxy was observed
in a set of 3 runs, on 1998 January 17, 18 and 19, over periods
of 5 hours each on source. Both polarisations were recorded.
All data reduction was performed using the 31DEC06 ver-
sion of Classic AIPS. Table 2 summarises the observational
setup.
3C48 was observed interspersed with the target source,
in scans lasting 3 minutes. This calibrator was used both as
primary calibrator (flux and bandpass) with an estimated
flux of 16.50 Jy at 1395.29 MHz as well as to determine the
complex gain (i.e., as secondary calibrator). Antenna 12 was
flagged in both polarisations in the first and last runs since
visibility amplitudes deviated by approximately 30 percent
relative to the average. Flagging and bandpass calibration
were performed with standard tasks.
We deleted the first and last eight velocity channels due
to sensitivity loss at the edges of the 3125 kHz wide band
centred at a frequency of 1396.5 MHz. The uv–data of in-
dividual runs were merged into a single data set using the
task dbcon.
The data cube was generated using imagr. We em-
ployed a robust=0 weight in order to obtain the best com-
promise between resolution and sensitivity. The cube was
cleaned to a flux threshold of 2σ. We separated real emis-
sion from noise following the conditional blanking method
employed by Walter et al. (2008). We convolved the cube
to 70 arcsec resolution, storing in a masking cube regions
of emission that were above 2σ over three consecutive ve-
locity channels. Using the latter cube we then masked our
original 43.5 × 42.3 arcsec cube. The zero and first order
moment maps (total surface brightness and velocity field),
were created with the task xmom. Because of the modest
angular resolution the channel maps could be cleaned down
to the noise and therefore there was no need for residual flux
scaling (Walter et al. 2008).
NGC 765 was detected from 5015 km s−1 to 5239
km s−1 in velocity. Its integrated H i spectrum is shown
in Figure 1. The corresponding channel maps are presented
in Appendix A. In Fig. 2 we present an H i column density
map of NGC 765 and its two nearby companions: UGC 1453
to the South of NGC 765, and to the North–East the uncat-
alogued small companion NGC 765a.
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Table 1. General information on NGC 765 and companion galaxies.
NGC 765 NGC 765a UGC 1453 Reference
Type SAB(rc)bc . . . Irr 1
RA (J2000) 01h 58m 48s 01h 59m 55.9s 3 01h 58m 45.8s 1
DEC (J2000) 24◦53′32.9′′ 24◦58′29.9′′ 3 24◦38′34.6′′ 1
Distance 72 Mpc 72 Mpc 3 72 Mpc 1
Vhel 5118 km s
−1 4900 km s−1 3 4897 km s−1 1
R25 62.6′′ . . . ∼1.4′ 1
mB 13.6 . . . . . . 1
LB 3× 1010L . . . . . . 2
Inclination 21◦ . . . 30◦ 4 3
Position Angle 251◦ . . . . . . 3
H I flux 38.3 Jy km s−1 0.53 Jy km s−1 1.54 Jy km s−1 3
H I mass 4.7× 1010 M 6.5× 108 M 1.9× 109 M 3
Reference: 1 - Taken from NED; 2 - Derived using M,B = 5.48 and a distance of 72 Mpc; 3 - This study; 4 - Taken from LEDA.
Figure 1. Integrated H i spectrum of NGC 765. Note that the integrated flux in each channel map is based on the blanked image cube,
hence the flux being at exactly zero for those channels deemed without emission.
We constructed a radio–continuum map using the first
five channels of the 48 available, which were thought to be
free of line emission. These five channels were employed to
perform the continuum subtraction of the above mentioned
data cube. The uv data of the channels were averaged in
frequency using the task avspc, mapped and cleaned with
imagr in a similar manner as described above. The 1σ noise
level corresponds to 0.15 mJy. In Fig. B1, we present the
continuum emission contours at 1395.39 MHz.
We detect a source with a flux density of 2.16 mJy
(L1.4GHz = 1.3×1021 W Hz−1, for an assumed distance of 72
Mpc), coincident with the optical nucleus of NGC 765. The
NRAO VLA Sky Survey (NVSS; Condon et al. 1998) at 1.4
GHz found no radio continuum emission associated with this
galaxy (Stokes I at a 3 σ rms of 1.5 mJy). The Faint Images
of the Radio Sky at Twenty–Centimeters (FIRST) VLA–
survey (Becker et al. 1995) does not cover this area. No con-
tinuum emission was detected for NGC 765a and UGC 1453.
We found another 7 radio–continuum sources in the field of
NGC 765. For further details we refer the reader to the ma-
terial in Appendix B.
3.2 Optical data reduction
Optical observations of NGC 765 were acquired with the
Isaac Newton Telescope (INT) on 2009 January 22, with
the Wide Field Camera (hereafter WFC). The galaxy was
observed in three exposures of 600 seconds in the Sloan R
filter at a central wavelength of 6240 A˚. Data reduction fol-
lowed the standard Cambridge Astronomical Survey Unit
(CASU) pipeline. In Fig. 3 we present the optical INT im-
age of NGC 765. The PSF is ∼ 1.3 arcsec or 0.45 kpc. The
c© 2002 RAS, MNRAS 000, 1–13
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Figure 2. Total intensity greyscale H i map of NGC 765. The greyscale ranges from 0 to 225 K km s−1. The resolution is 43 × 42 arcsec
and is indicated by the circle in the bottom left corner of the image. NGC 765a and UGC 1453 can be seen to the Northeast and South
of the main galaxy, respectively.
Table 2. Observational setup for the NGC 765 VLA data.
Parameter Value
Object NGC 765
Instrument VLA
Configuration D–array
Project ID AS0625
Primary calibrator 3C48
Secondary calibrator 3C48
Central velocity 5189 km s−1
FWHM of primary beam 32′
Total bandwidth 3.125 MHz
Number of channels 64
Channel spacing 0.049 MHz (11 km s−1)
FWHM of synthesised beam 43.5′′× 42.3′′ (∼ 15 kpc)
rms noise 0.2 mJy beam−1 (0.065 K)
galaxy presents an inner bright core and what seems to be
a bar oriented NNE–SSW. It is not clear if there is an asso-
ciated stellar ring. Stellar arms, tightly wound around the
core, indicate disc rotation in an anti–clockwise direction.
Faint traces of at least two arms can be seen as far out as
45 kpc from the nucleus. Both arms seem to bifurcate in
the outskirts. According to de Jong & van der Kruit (1994)
the optical diameter measured at 25 mag arcsec−2 in the
B–band is 62.6 arcsec (22 kpc).
We produced an optical surface brightness profile based
on elliptical isophote fitting using the projection on the sky
as determined by our rotation curve fit (Sect. 4.2). Obvious
foreground stars were removed and replaced by 2–D inter-
polation using pixel values of an annulus surrounding the
affected area. A 2–D second order spline was fit to remove
the background. Although the background fit produced a
remarkably good result, we could see some slight systematic
offset due to the bright foreground star towards the south–
east corner of the field, potentially affecting the area due
South of the galaxy. We therefore restricted the radial pro-
file, using only the northern half of NGC 765, employing 3′′
radial bins.
The resulting profile is shown in Fig. 4. The INT data
were not calibrated so we bootstrapped our radial pro-
file to the one published by de Jong & van der Kruit
(1994). Where our profiles overlap, agreement is excellent.
Our data go deeper by almost 2 magnitudes in R, down
to 26.5 mag arcsec−2, allowing us to follow the faint stellar
disk out to about 50 kpc in radius. We derive a scale length
for the stellar disc between 5 and 25 kpc of 7.8 kpc in good
agreement with de Jong & van der Kruit (1994) who found
values of 8.4 kpc and 5.7 kpc in B and KS, respectively.
The extrapolated central surface brightness at R–band is
20.9 mag arcsec−2 which, assuming a B − R = 1.40 (taken
from de Jong & van der Kruit 1994) then agrees with their
B–band value of µB(0) = 22.27. Between 30 kpc and 38 kpc
the profile shows a secondary maximum, beyond which, it
declines again at the same rate. This feature can be traced
to a faint, broad stellar arm, i.e., this is not an artefact or
due to a problem with background subtraction.
3.3 X–ray data reduction
Das et al. (2009) present 0.5 arcsec resolution Chandra X–
c© 2002 RAS, MNRAS 000, 1–13
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Figure 3. Optical image of NGC 765 acquired with Wide Field Camera on the INT. On the left, we saturate the central core to bring
out the low–luminosity spiral arms. On the right, we zoom in on the central region indicated by the box in the left–hand panel, to expose
the central bright core and bar.
Figure 4. Optical surface brightness profile of NGC 765 derived from elliptical isophote fitting on the INT WFC R–band image. Only
the northern half of the galaxy was used. We also shown the fit to extrapolate the central surface brightness.
ray observations of a small sample of Malin 1–type galaxies,
including NGC 765. As they only refer to emission coming
from its centre, we decided to retrieve the observations from
the archive (project ID 7764) and independently reduce and
analyse them. The data were obtained with the ACIS–S in-
strument (AXAF CCD Imaging Spectrometer) on 2007 July
11, for a total exposure time of 3.79 ks. Data reduction of
the observations was performed using standard procedures
included in the Chandra Analysis of Observations package
(ciao version 4.0). We ran wavdetect with a 3σ detection
threshold in order to detect point sources in the NGC 765
H i field. Six sources were detected above 3σ and are shown
in Appendix C, Fig. C1. We confirm emission coincident
with the galaxy nucleus at an X–ray luminosity in the 0.2–
10 keV energy band of LX1.7 × 1040 erg s−1, in agreement
with Das et al. (2009).
c© 2002 RAS, MNRAS 000, 1–13
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4 RESULTS
4.1 NGC 765 H I content and morphology
We detect an H i integrated flux of 38.3 Jy km s−1 which,
assuming as usual optically thin emission, corresponds to a
total H i mass of 4.67×1010 M. This is consistent with the
Westerbork Synthesis Radio Telescope (hereafter WSRT)
wide-field survey (Braun et al. 2003), where it was derived
to have a total H i flux of 39.7 ± 0.66 Jy km s−1(effective
beam size of 50.3 × 46.8 arcmin) and a total H i mass of
4.6×1010 M. Arecibo observations (Schulman et al. 1994),
with a beam of 3.3± 0.1 arcmin, gave an integrated H i flux
of 11.1 Jy km s−1 which implies an H i mass of 1.4 × 1010
M, but these observations were based on a single pointing
at the centre and therefore missed a substantial part of the
H i belonging to NGC 765. The total H i mass derived for
NGC 765 exceeds by one order of magnitude the median H i
mass in the LSB survey by O’Neil et al. (2004). It also ex-
ceeds by a factor of 3 the mean value obtained by Roberts
& Haynes (1994) for Sab–Sbc HSB spiral galaxies within
the RC3-UGC sample. The H i mass to luminosity ratio for
NGC 765 is MHI/LB ∼ 1.6, i.e., of the same order as the me-
dian MHI/LB = 2.8 found for LSBs by O’Neil et al. (2004),
and 5–10 times larger than the median for HSB galaxies
(Roberts & Haynes 1994).
NGC 765 has an extended H i distribution with a di-
ameter of 240 kpc. In Fig. 5 (left) we present H i contours
overlaid on the optical image, highlighting the dispropor-
tionately large H i disc compared to the optical. The H i
structure shows an unresolved central depression with a size
∼ 50 × 30 arcsec, better seen in the right–hand panel of Fig.
5 where we present the H i distribution, overplotted with ve-
locity contours. The inner gas distribution follows the spiral
arms. We can identify at least three of them: two to the East
and one to the Southwest. The average H i column density
out to 50 kpc, i.e., where the H i spiral arms dominate, is
5× 1020 atoms cm−2. To the East the column density drops
beyond that radius to reach a plateau at 2 × 1020 atoms
cm−2, populated with H i clumps (see below).
The outer disc of NGC 765 is asymmetrical or lopsided.
This can be appreciated in Fig. 6, where we present av-
erage surface brightness profiles along the major axis: one
along the receding side of the galaxy (hereafter West pro-
file) and the other along the approaching side of the galaxy
(hereafter East profile). These were created using the ellipse
integration task ellint available in gipsy (van der Hulst
et al. 1992). The profiles are derived from 30◦ wide sectors
centred around the major axis and binned every 40 arcsec.
This process has the advantage of compensating for the loss
of signal–to–noise when moving to larger galactic radii by
averaging over larger areas, allowing us to recover informa-
tion all the way out to the periphery of the diffuse disc. In
Fig. 6, we plot column densities (in cm−2) on a logarithmic
scale as a function of linear radius (in kpc). Each side of
the galaxy presents a different signature. Both profiles start
out at the same level of 5 × 1020 cm−2 and show a sudden
drop near 50 kpc (2.5 arcmin). The eastern profile settles to
a plateau of 2× 1020 cm−2 followed by a rapid decline near
100 kpc out to the last measured point at 120 kpc. The west-
ern profile declines smoothly from 70 kpc, extending also out
to 120 kpc. Both halves together result in a total H i extent
Table 3. Basic properties of H i compact regions
Name α δ Flux Mass
J(2000) J(2000) Jy km s−1 108 M
A 01h 59m 04.6s 24◦ 53′ 39′′ 2.1 10.2
B 01h 59m 01.5s 24◦ 55′ 49′′ 2.2 10.5
C 01h 58m 51.6s 24◦ 56′ 43′′ 2.3 9.2
D 01h 58m 38.1s 24◦ 50′ 05′′ 1.4 6.3
Notes: Column 1: Source name; Column 2 & 3: Right ascension
and declination; Column 4: Integrated flux; Column 5: H i mass.
of 240 kpc, measured at a column density of 2× 1019 atoms
cm −2.
The low surface density outer disc of NGC 765 is popu-
lated by several unresolved or marginally resolved compact
H i regions, notably in the North–East. They are prominent
in the integrated H i map (Fig. 5) as well as in the channel
maps (Fig. A1). Spectra taken at their location are indistin-
guishable from neighbouring areas at the spatial and velocity
resolution of the present data, except for their higher surface
brightness. Integrated properties of several of these clumps
are given in Table 3 (H i masses, were derived using task
ispec, which retrieves the flux of a region along individual
velocity channels). The compact H i regions are labeled in
Fig. 5.
Given that they are at best marginally resolved, their
physical sizes must be less than 10 kpc; their masses are of
order 108 M. Together they represent ∼ 10 per cent of the
total H i mass of NGC 765. Their properties are compara-
ble to those of the companion galaxies detected in our field:
NGC 765a and UGC 1453 (see Sect. 4.3) and fall within the
mass interval for H i–rich companions found by Pisano &
Wilcots (2003). The H i masses of the compact H i regions
are, however an order of magnitude higher than the range
quoted by Wilcots (2001) for H i clumps in discs. In addi-
tion, regions A and C present optical counterparts (Fig. 7).
In both of these, the stellar counterparts and the H i gas
are aligned but interestingly do not follow the spiral arms.
Neither of the remaining compact H i regions coincides with
an optical, radio–continuum or X–ray counterpart.
4.2 Velocity field and kinematics
The velocity field presented in Fig. 5 (right) shows steeply
rising rotation in the inner part (up to ∼ 40 arcsec in radius)
that is basically unresolved by our beam and a flat rotation
curve onwards. Between 2.5 6 r 6 3.0 arcmin there seems
to be a kink in the isovelocity contours, best seen on the
North side. The position–velocity (PV)–diagrammes shown
in Fig. 8 are taken along the major (PA= 256◦) and minor
axis (PA= 166◦) of the galaxy (see below). We see that
both Western and Eastern sides are fairly symmetric within
the inner 3 arcmin, with velocities rising quite steeply to
a flat level of rotation after just 40 arcsec, and a jump in
velocity at ∼ 3 arcmin. The ellipse visible in the minor axis
diagramme (Fig. 8, right) is a consequence of the presence
of a bar, causing streaming motions in the central part, and
our ∼ 43 arcsec beam: emission from both the receding and
approaching sides enters the beam simultaneously.
c© 2002 RAS, MNRAS 000, 1–13
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Figure 5. Left: H i contours overlaid on the INT optical image. The contours are at a level of 0.5, 1, 1.5, 2 and 2.5 ×1020 atoms
cm−1. Four compact H i regions are marked with asterisks and labeled A to D (see Sect. 4.1). The horizontal stripe at a declination
of approximately 24◦50′ is due to bleeding of a bright foreground star along a CCD column (the original orientation of the CCD was
rotated by 90◦). Right: Velocity field of NGC 765 overlaid on an H i surface brightness map. Contours are heliocentric velocities ranging
from 5050 km s−1 to 5200 km s−1, in steps of 25 km s−1. The systemic velocity of 5125 km s−1 is shown as a thick black contour and
a few contours are labeled with their velocity in km s−1. The West side of the galaxy is receding (light grey contours). In both maps we
represent the H i beam size in the bottom left corner.
Figure 6. Radially averaged surface brightness profiles of
NGC 765 along the semi–major axis: the western profile (light
grey dots) and the eastern profile (black dots). In both profiles
the lines bracket the uncertainty in the profile.
We used the task rotcur in gipsy (Begeman 1987) to
model the velocity field of NGC 765. rotcur treats the ob-
served velocity field as a series of tilted rings. As already
mentioned by Begeman (1987), this task becomes increas-
ingly unreliable for low inclination (face–on) galaxies. Given
the low inclination of NGC 765 our results should therefore
be treated with some caution. Having said that, NGC 765
provides a unique opportunity to probe its dynamical mass
and hence the contribution from the Dark Matter halo out
to an unprecedented distance.
It should also be noted that beam smearing will affect
the derived rotation curve, mostly in the inner part. This
is nicely illustrated in the case of Malin 1 by Sancisi & Fra-
ternali (2007) who reanalysed the VLA data obtained by
Pickering et al. (1997), taking beam smearing fully into ac-
count. In the case of NGC 765, with 12 independent beams
across the galaxy, beam smearing will affect the derived ro-
tation in the innermost region only and has no impact on
our conclusions.
We used concentric rings with a width of 40 arcsec,
matching the resolution of the integrated H i map. We fitted
for each ring the systemic velocity, rotation velocity, position
angle, inclination and central position. Starting values of the
systemic velocity and centre position were taken from the
optical properties presented in Table 1. The position angle of
270◦ was chosen after visual inspection of the data cube and
velocity field. The inclination of NGC 765 in NED is listed
as 0◦. The position velocity diagramme along the major axis
shows a clear velocity gradient with a peak–to–peak range
of about 150 km s−1, arguing against NGC 765 being nearly
face–on. Neither the optical map nor the integrated H i map
can be used to derive a reliable inclination based on the
minor to major axis ratio. The central region of the optical
image is dominated by the bar while the outer disc is of
too low surface brightness; the H i map is clearly lopsided.
We therefore decided to use as initial value 45◦. After two
iterations a systemic velocity of Vsys = 5125 km s
−1 was
obtained, consistent with the value retrieved from NED of
5118 km s−1.
We then proceeded to constrain the remaining free pa-
rameters. The major axis PV–diagramme shows a jump
to slightly higher velocities around 2.5 arcmin radius, near
where the H i column density drops to a plateau of 2× 1020
atoms cm−2, and the galaxy takes on a decidedly lopsided
look. Galaxy rotation curves are observed to be flat out to
c© 2002 RAS, MNRAS 000, 1–13
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Figure 7. Close–up of compact HI regions A (top) and C (bot-
tom) overlaid on the INT optical image.
the last measured point and we therefore concluded that the
outer H i disc must be slightly warped. Hence we fixed the
rotation curve to a flat 160 km s−1 beyond ∼ 100 arcsec,
allowing for a smooth variation in position angle and incli-
nation. We show in Fig. 9 (middle and bottom panels) the
rotcur results for fits to each side of the galaxy separately.
The inclination varies from a constant 21◦ in the inner, high
H i surface brightness part to around 30◦ in the outskirts.
The dynamical mass of NGC 765 was derived using the
thin disc approximation (van Moorsel 1982):
Mdyn = 0.76
RHIV
2
G
(1)
where RHI is the radius of the last measured point of the
rotation curve and V is the rotation velocity respectively. For
NGC 765, at a radius of 320 arcsec or 112 kpc and a velocity
of 160 km s−1, we derive a dynamical mass of 5.1×1011 M.
4.3 Companions
Fig. 2 includes two companions of NGC 765 detected in H i:
NGC 765a and UGC 1453. Both objects are seen across nine
consecutive velocity channels towards the low-velocity edge
of our bandwidth (4860 – 4950 km s−1). In Fig. 10 (left)
we see NGC 765a as H i contours overlaid on a DSS opti-
cal image. The positional accuracy of the DSS images are
typically 1′′. A faint optical counterpart coincident with the
H i peak can be seen. In the case of UGC 1453, H i contours
are overlaid on the INT optical image (Fig. 10, right). It is
possible to see faint flocculent, arm–like structure, typical of
an irregular galaxy.
NGC 765a is a newly detected H i source. It is
marginally resolved. A gauss fit on the integrated H i map
gives a deconvolved size of 13.8 × 8.5 kpc for the assumed
distance of 72 Mpc, at a position angle of 134◦. We used
aips task ispec to derive a flux of 0.53 Jy km s−1, which
translates to an H i mass of 6.5 × 108 M. The projected
angular distance to NGC 765 is 16.2 arcmin or 338 kpc and
the radial velocity difference is 225 km s−1.
Whereas NGC 765a is uncatalogued, UGC 1453 is a
known 17 mag irregular galaxy at a measured velocity of
4897 km s−1(NED). It has as an optical size of 1.5 × 1.3
arcmin. Like NGC 765a, it is marginally resolved with our
beam and we derive an intrinsic diameter for the bulk of the
H i of 17 kpc. We derive an integrated flux of 1.54 Jy km s−1
and an H i mass of 1.9 ×109 M. The mass falls within val-
ues typical for Sm or Im galaxies (Roberts & Haynes 1994).
Because the detection falls at the low-velocity edge of the
band, we might be missing some of the integrated flux, given
the 2.66 Jy km s−1 value reported by Giovanelli et al. (1986)
and Schneider et al. (1990) based on Arecibo neutral hydro-
gen observations. Springob et al. (2005) list 2.57 Jy km s−1.
This means that we might also be underestimating its H i ex-
tent. We derive a projected angular distance from NGC 765
of 14.8 arcmin or 310 kpc and a radial velocity difference of
221 km s−1.
4.4 Nuclear activity
NGC 765 shows signatures of a bar, a structure that is ca-
pable of transporting gas from the inner regions of a galaxy
to its nucleus. The presence of nuclear emission lines of
[N II], [S I] and [O I] and the detection of a compact low–
luminosity radio–continuum source (Sect. 3.1), strongly sug-
gests the presence of an LLAGN. This is further strength-
ened by the detection of the central X–ray source (Sect. 3.3;
Appendix C; Das et al. 2009). The X–ray luminosity (LX
≈ 1.7 × 1040 erg s−1) and radio–continuum luminosity
(L1.4GHz = 1.3×1021 W Hz−1) are typical of low-luminosity
AGN (Ho et al. 2001; Desroches & Ho 2009).
The detection of AGN activity (in radio and X–rays) is
quite common, with Desroches & Ho (2009) quoting 20–25%
for late-type (Hubble types Scd–Sm) galaxies. Filho et al.
(2006) found the same fraction for a sample of bright local
galaxies taken from the Palomar survey of bright galaxies
(Ho et al. 1997). As mentioned by Das et al. (2009), very lit-
tle is known about nuclear activity of LSBs, although those
LSBs that have well–developed bulges, like NGC 765, seem
to follow the same evolutionary path as bulge–dominated
HSBs.
5 DISCUSSION
5.1 The extent and morphology of the H I disc
The inner region (2–4 arcmin or 40–80 kpc diameter) of
NGC 765 appears to have the normal morphology of a spi-
c© 2002 RAS, MNRAS 000, 1–13
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Figure 8. Position-velocity map along the kinematical major axis of NGC 765 at a PA of 256◦ (left panel), showing the rotation of the
galaxy. In the right–hand panel we show the position–velocity diagramme taken along the minor axis (PA of 166◦).
Table 4. RHI to h ratios of some galaxies from the literature
and NGC 765
Object RHI h RHI/h
(kpc) (kpc)
Malin 1 100 82.0 1.2
F568–6 (Malin 2) 90 18.3 4.9
UGC 6614 50 13.6 3.7
NGC 7589 39 12.6 3.1
NGC 765 120 7.8 15
Note: optical scale lengths were determined on R–band images
except for Malin 1, where the V –band was used.
ral galaxy, as shown in Fig. 5. It has a central bar as do
70% of disc galaxies (e.g. Erwin 2005). The neutral gas dis-
tribution, as seen in in Figs. 2 and 5, and as described in
Sect. 4.1, reveals an H i–poor central region, which is com-
mon in cases of a bar. The H i spiral arms trace well their
optical counterparts.
Based on its central surface brightness it is classified as
an LSB, its µB(0) of 22.27 mag arcsec
−2 falling below the
range of 21.65± 0.3 mag arcsec−2 of HSB galaxies (Freeman
1970). This is further confirmed by its large 7.8 kpc scale
length for the exponential disk (e.g., Sprayberry et al. 1995).
NGC 765 is unique, though, for the linear size of its H i disc.
The fact that we can trace the neutral hydrogen out to 240
kpc in diameter, makes this the largest H i disc ever mea-
sured in a local spiral galaxy, on a par with the more distant
Malin 1. The total H i content of 4.7× 1010 M equally puts
it in the category of giant LSBs (O’Neil et al. 2004), as does
the resulting MHI/LB ∼ 1.6.
There is a clear difference though when we compare
NGC 765 with some of the other well known Malin 1 cousins
in the sense that the radius of its H i disk compared to op-
tical scale length is considerably larger. This is illustrated
in Table 4 where we compare NGC 765 with the H i radius–
to–optical scale length of the four giant LSBs observed by
Pickering et al. (1997).
NGC 765 can be divided into two regimes, inner and
outer disk, with the transition at ∼ 50 kpc. At that radius
the optical disk has become too faint to be traced any fur-
ther, we find a jump in velocity in the major axis position–
velocity diagramme which we interpret as being due to a
modest warping of the disk beyond 50 kpc, and at this same
radius we find that the H i column density drops from a con-
stant level of 5× 1020 cm−2 to a plateau of 2× 1020 cm−2.
The outer H i disc is asymmetrical, is at a lower column
density, and is populated by compact H i regions. These re-
gions typically measure < 10 kpc and have H i masses of
108−9 M (of the same order as those of dIrr galaxies). Dis-
crete H i clumps lacking an optical counterpart have been
found around galaxies, typically within 50 kpc and 60 km s−1
(Wilcots 2001), and represent perhaps the fossil evidence of
the process of galaxy formation.
Hierarchical galaxy formation predicts the assembly of
galaxies via a merger of smaller units. Indeed, there is ob-
servational evidence for major or minor mergers, in the form
of interacting galaxies, accretion of dwarfs, H i clumps, or in
the case of cold accretion, filaments or streams of material,
as highlighted by Sancisi et al. (2008) and van der Hulst &
Sancisi (2005). The stellar counterparts present within the
compact H i regions A and C as shown in Fig. 7 lend ev-
idence that they could be fossil remnants of past mergers
in a process similar to the Sagittarius (Sgr) dwarf galaxy
discovered by Ibata et al. (1994), a tidal stream that is ob-
served near the Milky Way (Mart´ınez-Delgado et al. 2001,
and references therein). Simulations performed by Ibata &
Razoumov (1998) show that the Sagittarius dwarf with a
mass of ∼ 109M, would survive several encounters with
the Milky Way and produce distortions in the H i disc of the
Galaxy. In addition, simulations by Pen˜arrubia et al. (2006)
also point to the fact that an extended outer disc (∼ 200
kpc) of an M 31 size galaxy could be created via the merger
of a dwarf companion with a mass of ∼ 109 − 1010M.
Based on this, it is fair to speculate that over its life-
time, NGC 765 has accreted H i through a series of merger
events with dwarf galaxies with H i masses of the order 108−9
M, enlarging the size of the disc and acting as a reservoir
of H i fuel for future star formation (Pisano & Wilcots 2003;
Sancisi et al. 2008). As pointed out by the referee, an ad-
ditional argument in favour of this scenario is that density
enhancements in the disc of the size of the H i clumps ob-
served here, would loose their identity due to shear within
less than 1 Gyr, unless they are fairly massive and hence
accreted companion galaxies.
In support of this, NGC 765 belongs to a galaxy group,
[GH83]024 (Garcia 1993) and the field contains two com-
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10 A. M. Portas et al.
Figure 9. Rotation curves for individual halves of NGC 765 (top
panel) with respective values of position angle (middle panel) and
inclination (bottom panel) as a function of radial distance in kpc.
The black dots represent the kinematically approaching (East)
side of the galaxy whereas the light grey dots correspond to the
receding (West) side. In the top panel, thin light and dark lines
represent the uncertainties.
panions within ∼340 kpc, which have H i masses and sizes
similar to the compact H i regions present in the outer disc
of NGC 765. The accretion scenario would also fit in with the
kinematical and morphological lopsidedness of the H i disc.
In their study of the spiral galaxy NGC 6946, Boomsma et al.
(2008) interpreted lopsidedness, signatures of sharp edges of
the H i disc and wiggles in the velocity field as possible indi-
cators of accretion. All these signs are present in NGC 765.
Besides, if gas is indeed being accreted, it does not necessar-
ily start out in an orbit co–planar with the inner disc, which
could explain why gas in the outer parts resides in a plane
with a different orientation. Having said that, the fact that
NGC 765 belongs to a group increases the probability of it
having suffered tidal interactions which are able to to pro-
duce lopsidedness or excite an oscillation in the z–direction.
Sancisi et al. (2008) report that 25% of galaxies with
observational evidence of tidal interaction have clumps of
gas with masses of order 108−9M, which corresponds to
the H i masses of the compact H i regions of the outer disc
of NGC 765. Pisano & Wilcots (2003) show evidence that
these companions are statistically in circular orbits, their
masses are low, and therefore will not strongly affect the
host’s morphology. This is also corroborated by Bournaud
et al. (2005), who investigate via N–body simulations that
mergers with mass ratios in the range from 20:1 to 7:1
will trigger significant lopsidedness in their hosts on time
scales of at least a few Gyrs. In our case, we estimate that
NGC 765a and UGC 1453 could have been gravitationally
bound to NGC 765 over the past ∼ 9 Gyr. If accreted, these
would represent between 1 to 4 per cent of its H i mass.
There are two problems, though, with this scenario. One
is that the amount of H i in NGC 765 is considerable and
that a large number of minor mergers would be required. The
other problem is that the period of rotation in the outer disk
is of order 4–4.5 Gyr which makes for a very long relaxation
time. So perhaps we are dealing with nature rather than
nurture, the structure of NGC 765 being defined more by
the initial conditions of its formation (Dalcanton et al. 1997;
Hoffman et al. 1992) and less by its merger history.
5.2 Surface brightness profiles and SFR
What remains intriguing about NGC 765 is the disparity
between the optical and H i discs. With such large amounts
of H i both in the outskirts and spiral arms, why is the gas
at large galactocentric distances not forming stars?
GALEX observations (see Fig. 11) do not reveal any
trace of a young stellar population in the outer disc, imply-
ing that the conditions are not conducive to star formation.
Schaye (2004) quotes a minimum gas column density nec-
essary for a transition from warm atomic to cold molecular
gas of around 3 to 10 M pc−2, equivalent to 4 – 12 ×1020
atoms cm−2, assuming a model of a self–gravitating disc
containing dust and metals that is exposed to UV radia-
tion. Similarly Leroy et al. (2008) and Bigiel et al. (2008)
discuss the transition of H i–to–H2 on sub–kpc scales mak-
ing use of the THINGS high spatial and velocity resolution
data. They point to an H i surface brightness limit of 9 M
pc−2 or ∼ 1021 atoms cm−2 found in all THINGS galaxies,
above which threshold molecular gas dominates and hence
star formation readily occurs.
We find that column density peaks do not exceed ∼
3 × 1020 atoms cm−2 across the NGC 765 H i outer disc,
suggesting that little, if any, gas will have made the transi-
tion from neutral atomic to the molecular phase, a condition
encountered more generally in spiral galaxies beyond R25.
NGC 765 is simply a more extreme case in the sense that
the outer H i disc is much larger than in typical field spirals
and resembles what has been found in other LSBs (de Blok
& van der Hulst 1998; Auld et al. 2006).
6 SUMMARY
In this paper we present multi–wavelength observations of
NGC 765. We highlight the more important results of this
study:
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Figure 10. The left–hand panel presents H i contours of NGC 765a overlaid on a DSS optical image. The contours are 0.5, 0.8, 1 and
1.5 ×1020 atoms cm−2. The right–hand panel shows H i contours of UGC 1453 overlaid on an INT optical image. The contours are at
column densities of 0.5, 1, 2 and 3 ×1020 atoms cm−2.
Figure 11. GALEX map smoothed to 10′′ resolution. In grey
contours we represent the H i extent at a column density of 0.5,
1, 1.5, 2 and 2.5 ×1020 atoms cm−2. The optical centre of the
galaxy is marked by a cross.
• NGC 765 presents a large H i disc, 240 kpc in diameter
for an assumed distance of 72 Mpc. This is one of the largest
H i discs reported for a late type galaxy.
• Assuming an optical scale length of 7.8 kpc, NGC 765
presents an H i–to–optical ratio of 15. This is considerably
larger than what has been found in other giant LSBs such
as Malin 1.
• The H i disc morphology clearly presents two different
regimes: an inner H i disk (< 50 kpc) tracing the spiral struc-
ture with the presence of at least three arms, and an outer,
lower surface brightness plateau. This latter region is popu-
lated by several H i gas clumps of compact morphology.
• The galaxy has two nearby companions: NGC 765a, a
previously uncatalogued companion, towards the Northeast.
Towards the South we have UGC 1453, an irregular galaxy.
We report the detection of a faint optical counterpart for
NGC 765a.
• The outer disc of NGC 765 is slightly warped. It is pop-
ulated with compact H i regions with sizes of ∼ 10 kpc and
H i masses of ∼ 108M. These are possibly remnants of past
mergers events.
• We detect 1.4 GHz radio–continuum emission from the
NGC 765 optical core. This emission is weak, with a flux
density of 2.16 mJy and a luminosity of L1.4GHz = 1.3×1021
W Hz−1. No radio continuum emission is found related to
the stellar or H i disc.
• Chandra X–ray data reveal emission coincident with
the galaxy nucleus. We derive a luminosity of LX(0.2–10
keV) ≈ 1.7× 1040 erg s−1. The radio and X–ray emission is
compatible with the nucleus being powered by a weak AGN,
as also suggested by its optical nuclear emission lines.
• Star formation activity in NGC 765 is low, with no star
formation detected in the outer disk, suggesting the gas is
well below the threshold for star formation.
Higher resolution H i observations will be needed to
more fully understand the origin, structure, and expected
evolution of this truly extraordinary H i disc.
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APPENDIX A: NGC 765 CHANNEL MAPS
In Fig. A1 we present the H i channel maps of NGC 765 as
a set of grey–scale maps. They were generated using imagr
choosing a robust=0 weight in order to obtain the best
compromise between resolution and sensitivity. The cube
was cleaned to a flux threshold of 2σ.
APPENDIX B: RADIO–CONTINUUM
SOURCES
There are several radio–continuum sources in the field, in
addition to the source coinciding with the optical nucleus.
Except for continuum source number 2, they fall outside of
the outline defined by the H i, as can be seen in Fig. B1. We
present in Table B1 the properties of the radio–continuum
sources in the field of NGC 765. Of the eight sources detected
above 4.5σ, sources 1 and 2 are found to fall within the
H i disc. Source 2 coincides to within 17′′, or 5 kpc, with
H i compact region B (see Sect. 4.1). Sources 4, 6, 7 and 8
were all detected by the NVSS as well. Source 3 has two
2MASS objects identified as possible counterpart. Source 4
was identified by 2MASS as a galaxy. The remaining sources
have no NVSS detection or NED identification.
APPENDIX C: X–RAY SOURCES
The data reduction of the Chandra archival observations of
NGC 765 revealed a total of six sources in the general field,
one coinciding with the nucleus. Because the photon statis-
tics are low (see Table 4), we did not attempt to extract
spectra, but instead opted to use the PIMMs tool (v3.9i) to
convert source counts into fluxes. We assumed the appropri-
ate Cycle 8 calibration curves for the ACIS-S detector, an
input energy of 0.2-10 keV, a simple power law model with
a weighted galactic absorption towards NGC 765 of 8.03 ×
1020 cm−2 (Kalberla et al. 2005), fixed photon index of 2.0
(appropriate for LLAGN and for X-ray binaries) and a red-
shift of z=0.017 (NED). The results are presented in Ta-
ble C1.
X–ray source X3 (Table C1 and Fig. C1) is relatively
compact, coincides with the optical nucleus of NGC 765 and
with the nuclear radio–continuum source (Table B1). It has
an X–ray luminosity in the 0.2–10 keV energy band of LX ≈
1.7 × 1040 erg s−1. This low X–ray luminosity is typical of
low–luminosity AGN (Ho et al. 2001).
Due to the low X–ray counts and lack of temporal in-
formation, the nature of the remaining X–ray sources in the
field can not be established with certainty. Sources X4 and
X5 (Fig. C1) coincide spatially with stellar counterparts but
are unidentified in both the NED and 2MASS catalogues.
These could be background quasars but because of a lack
of redshift information, we estimated their X–ray luminosi-
ties assuming they are at the distance of NGC 765, although
there is no a priori evidence that they belong to this system.
The low–luminosity and the off–nuclear position of sources
X1, X2 and X6 suggest these are low luminosity X–ray bina-
ries. Their luminosities have been estimated again assuming
they are at the redshift of NGC 765.
In order to detect any hypothetical extended, diffuse
X–ray emission, we subtracted the point sources from the
image and interpolated the gaps with appropriate values for
the background, using the statistics of the surrounding pix-
els. We then smoothed the image to a 5 arcsec beam. Con-
trary to (Das et al. 2009) who find a diffuse gas component
associated with the galaxy centre and confined to the bulge
at a luminosity of 5.5 × 1039 erg s−1, we find no significant
diffuse X–ray emission anywhere within the H i disc.
c© 2002 RAS, MNRAS 000, 1–13
14 A. M. Portas et al.
25 02
00
24 58
56
54
52
50
48
46
5217.3 KM/S 5206.6 KM/S 5196.0 KM/S
D E
C L
I N
A T
I O
N  
( J
2 0
0 0
) 5185.3 KM/S 5174.6 KM/S 5164.0 KM/S
RIGHT ASCENSION (J2000)
01 59 15 00 30 15 00
5153.3 KM/S 5142.6 KM/S 5132.0 KM/S
Figure A1. Individual velocity channels of NGC 765. The beam is shown in the left bottom corner of the top left panel. Heliocentric
velocities are indicated in each panel.
Table B1. List of radio continuum sources detected in the vicinity of NGC 765.
Source α δ Deconvolved size FP FI PA S/N Type Identification
(J2000) (J2000) ′′×′′ mJy mJy ◦
1 01h 58m 48.5s 24◦ 53′ 39′′ 61× 34 0.83 2.16 58 14 G NGC 765
2 01h 59m 01.9s 24◦ 56′ 06′′ 23× 14 0.78 0.84 46 6 . . . . . .
3 01h 58m 31.7s 24◦ 59′ 39′′ 17× 9 43.3 47.1 157 314 G, RadioS 2MASX J01583181+2459391
2MASX J01582855+2459367
NVSS J015831+245938
4 01h 58m 24.1s 24◦ 59′ 59′′ 6× 0 1.38 1.18 111 8 G 2MASX J01582399+2459598
5 01h 58m 27.7s 24◦ 52′ 53′′ 51× 29 21.0 37.0 21 247 RadioS NVSS J015827+245252
6 01h 58m 22.7s 24◦ 50′ 22′′ 52× 43 18.8 40.3 37 269 RadioS NVSS J015822+245022
7 01h 58m 50.5s 24◦ 47′ 46′′ 17× 13 1.44 1.37 36 9 . . . . . .
8 01h 59m 14.1s 24◦ 52′ 44′′ 12× 7 4.03 3.97 137 27 RadioS NVSS J015914+245248
Notes: Column 1: Source number; Column 2 & 3: Right ascension and declination; Column 4: Deconvolved source size; Column 5: Peak
flux; Column 6: Integrated flux; Column 7: Position angle; Column 8: Signal–to–noise ratio; Column 9: object type — G denotes galaxy
and RadioS radio source; Column 10: Identification.
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Figure A1. Individual velocity channels of NGC 765 (Continued).
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Figure B1. The radio continuum emission of the NGC 765 field at 1.4 GHz. The contours are at (-2, 2, 3, 4.5, 6, 10, 20, 50, 100 and
200) times the rms of 0.15 mJy beam−1. The negative contour is plotted as light grey. The extent of the H i disc of NGC 765 at a level
of 5 ×1019 atoms cm−2 is plotted with a single dark grey contour. The optical centre of the galaxy is represented by the cross. Source 1
coincides with the optical centre of NGC 765.
Figure C1. The location of the detected Chandra X–ray sources overlaid on the optical INT map of NGC 765. The central source X3
coincides with the optical centre and the central radio–continuum source of NGC 765.
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Table C1. Chandra X–ray detections in the NGC 765 field.
source α δ NS Nbg S/N Unabsorbed flux Luminosity
J(2000) J(2000) 10−14 erg s−1 cm−2 1040 erg s−1
1.6 1.0
X1 1h 58m 44.7s 24◦ 53′ 46.1′′ 6.4 1.5 4.5 0.9 0.6
0.6 0.4
3.7 2.3
X2 1h 58m 44.9s 24◦ 53′ 44.6′′ 15.2 2.6 5.8 2.2 1.3
1.5 0.9
2.8 1.7
X3 1h 58m 48.0s 24◦ 53′ 33.0′′ 11.8 3.4 3.5 1.7 1.0
1.2 0.7
1.8 1.1
X4 1h 58m 52.3s 24◦ 52′ 48.5′′ 7.5 2.1 3.6 1.1 0.7
0.8 0.5
2.8 1.7
X5 1h 58m 54.5s 24◦ 51′ 53.9′′ 11.5 3.7 3.1 1.6 1.0
1.1 0.7
3.3 2.0
X6 1h 58m 48.1s 24◦ 50′ 19.4′′ 13.5 4.8 3.0 1.9 1.2
1.3 0.8
Notes: Column 1: Source name; Column 2 & 3: Right ascension and declination; Column 4: Source counts; Column 5: Background
counts; Column 6: Signal–to–noise ratio; Column 7: Unabsorbed X–ray flux in the energy bands: 0.2 – 10 keV (total; top row), 0.2 – 2
keV (soft; middle row) and 2 – 10 keV (hard; bottom row); Column 8: X–ray luminosity in the same energy bands, assuming a distance
of 72 Mpc.
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